Introduction {#sec1-1}
============

A large proportion of peripheral nerve injuries result in imperfect or no functional recovery, particularly after a complete disruption (Evans, 2001). Peripheral nerve injuries are mainly caused by trauma, birth injury, bone dysplasia, elevated levels of lead in the blood, or alcoholism, and are associated with some degree of disruption or complete disturbance of sensory and/or functional abilities in the areas innervated by the affected nerve. Approximately 13--23 out of 100,000 people suffer peripheral nerve damage each year (Taylor et al., 2008; Asplund et al., 2009), which is important because these injuries can be devastating and life-altering. Recently, the proportion of peripheral nerve injuries among trauma patients increased to approximately 2.8% and more than 50% of these patients failed to recover normal motor and sensory functions following treatment (Scholz et al., 2011; Grinsell and Keating, 2014). Although peripheral nerve axons possess an intrinsic ability to regenerate and form functional connections with their targets, it is difficult to achieve full functional recovery following proximal nerve injury or damage causing crucial nerve gaps (Sachanandani et al., 2014). This is likely due to the death of a large number of neurons in the proximal dorsal root ganglion and anterior horn of the spinal cord (Scheib and Hoke, 2013). Furthermore, after injury, Wallerian degeneration occurs in the distal axon, the required time for axonal regeneration is too long, and there are mismatched results in terms of target organ dysfunction (Zhao et al., 2014). In 1951, Sunderland classified peripheral nerve injuries into Grades I--V (Sunderland, 1951) ([**Table 1**](#T1){ref-type="table"}) such that the degree of axonal fracture is described by the first three levels and levels IV and V require surgery to repair the damage (Sullivan et al., 2016). Autologous nerve grafting is often used and has long been considered the gold standard for the treatment of large segmental peripheral nerve defects. However, this therapeutic technique can lead to a series of problems, including nerve dysfunction, scarring, and the requirement of two surgical procedures to obtain tissue prior to its implantation (Jiang et al., 2016). As the development of techniques for peripheral nerve regeneration continues, a large number of studies have shown that stem cells play neuroprotective and regenerative roles in the repair of peripheral nerves (Salibian et al., 2013; Grochmal and Midha, 2014; Fairbairn et al., 2015; Zack-Williams et al., 2015); however, the mechanisms that underlie and support this repair remain unclear. Thus, the present article reviews the mechanisms underlying the actions of neural stem cells (NSCs) during regeneration following peripheral nerve damage ([**Figure 1**](#F1){ref-type="fig"}).

###### 

Peripheral nerve injury grading system (Sunderland, 1951)
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Sources, Characteristics, and Cultivation Methods of NSCs {#sec1-2}
=========================================================

NSCs isolated from the adult mouse striatum have the ability to divide, proliferate, and undergo multi-lineage differentiation *in vitro*; thus, their existence and capabilities dispute the traditional theory that neural tissues cannot regenerate (Reynolds and Weiss, 1992). McKay (1997) summarized the concept of NSCs by describing their ability to differentiate into neurons, astrocytes, and oligodendrocytes and demonstrating that they can be renewed to a degree that provides a large number of brain cells. NSCs are widely distributed in the cerebral cortex, hippocampus, striatum, olfactory bulb, lateral ventricle ependymal zone/subventricular zone, and spinal marrow of embryonic, fetal, and adult central nervous systems (Kornack and Rakic, 1999; Gritti et al., 2002; Alvarez-Buylla and Lim, 2004; Liste et al., 2004; Lu et al., 2005; Selkoe, 2005; Wen et al., 2005; Wong et al., 2005; Harrower et al., 2006). Several studies have shown that mesenchymal stem cells (Koshizuka et al., 2004), human gingiva-derived mesenchymal stem cells (Zhang et al., 2016), induced pluripotent stem cells (Wernig et al., 2008), and the precursor cells of oligodendrocytes (Kondo and Raff, 2000) can be induced to differentiate into NSCs. Furthermore, human NSCs can be obtained from H9 (WA09) human embryonic stem cells (Moore et al., 2017) and neurospheres can be derived from human adipose-derived stromal stem cells (Jahanbazi Jahan-Abad et al., 2017) and, at 10--10.5 weeks of gestational age, from the interbrain and telencephalon (Villa et al., 2000). Stem cells obtained from CD34^+^ cells in human adult peripheral blood differentiate into adherent NSCs (Wang et al., 2013). Additionally, these authors established a unique *in vitro* autologous body model of neuroinflammatory disease with the potential for assessing individual pathophysiologies in personalized medical cases (Wang et al., 2013). Other scholars have developed models using human NSCs obtained from the fetal cerebral cortex at 14 weeks of gestation. These human NSCs were cultured using two- and three-dimensional methods (Ghourichaee et al., 2017). Human NSCs differentiate and possess the therapeutic potential to promote locomotor recovery in spinal cord-injured mice (Cummings et al., 2005). Accordingly, many studies have shown that human NSCs can repair central nervous system injuries (Goh et al., 2003; Trounson et al., 2015). Thus, there is great potential for these cells in the repair of peripheral nerve injuries. NSCs can be classified according to their differentiation potential and cell-type generation as follows: (1) neural tube epithelial cells, (2) neuroblasts, and (3) neural progenitor cells. NSCs can also be classified according to their location: (1) neural crest stem cells, and (2) central NSCs. Furthermore, Parker et al. (2015) summarized NSC characteristics as follows: (1) NSC multi-differentiation potential can produce three main cell types in the central nervous system (neurons, astrocytes, and oligodendrocytes) in a number of regions, (2) NSCs can be generated following nerve damage, (3) NSCs can be produced by serial transplantation, and (4) these cells are self-renewing.

Differentiation of NSCs into Schwann-Like Cells {#sec1-3}
===============================================

The regeneration of damaged peripheral nerves occurs during a multiplex course in which Schwann cells play a crucial role (Ren et al., 2012). NSCs have been used to repair peripheral nerve injury by initially differentiating them into Schwann-like cells that exhibit biological characteristics similar to their *in vivo* counterparts. Tong et al. (2010) found that hippocampal NSCs differentiate into Schwann-like cells with similar morphological, phenotypic, and functional characteristics and that differentiated NSCs enhance neurite outgrowth when co-cultured with NG108-15 cells. In that study, the ability of NSCs to differentiate into stem cells highlights their potential use in a wide range of nerve injuries and diseases. Murakami et al. (2003) reported that NSCs derived from the hippocampi of fetal rats differentiate into Schwann-like supportive cells positive for anti-S100 and anti-p75 antibodies. Additionally, when transplanted into areas with peripheral nerve defects, some of these cells differentiated into Schwann-like Sertoli cells that aid and promote axonal regeneration. The implantation of NSCs into the nervous system in mice resulted in formation of a peripheral myelin sheath, similar to Schwann-like cells that exhibit specific M2/M6 markers and glial/Schwann cells (Blakemore, 2005). These findings support the idea that transplanted mouse embryonic stem cell-derived neural progenitor cells may differentiate into Schwann-like cells following severe sciatic nerve transection injury (Cui et al., 2008). Zhang et al. (2016) reported for the first time that gingiva-derived mesenchymal stem cells can be directly induced into pluripotent and extensive neural progenitor-like cells after direct transplantation into the area of sciatic nerve compression injury in rats. These cells differentiated into neuronal cells and stem cells and exhibited potential treatment effects in the damaged nerve and distal injured nerve *via* the promotion of axonal regeneration. Lee et al. (2017) reported that interleukin 12 p80 activates the differentiation of mouse NSCs that are phosphorylated by signal transducer and activator of transcription 3, which increases the diameter of regenerating nerves and enhances functional recovery following sciatic nerve damage in the mouse (Lee et al., 2017). The findings of Gu et al. (2014) indicate that dorsal root ganglion-derived NSCs exhibit self-renewal and multi-directional differentiation abilities and that basic fibroblast growth factor effectively induces the differentiation of dorsal root ganglion-derived NSCs into Schwann-like cells with biological characteristics that are the same as primary stem cells. These authors also proposed that the basic fibroblast growth factor-induced differentiation of dorsal root ganglion-derived NSCs into stem cells might be mediated, in conjunction with fibroblast growth factor receptor 1, by modulation of the mitogen-activated protein kinase/extracellular signal-regulated kinase pathway (Gu et al., 2014). Although a large number of studies have shown that NSCs can be induced to differentiate into stem cells and promote axonal regeneration, the differentiation of stem cells predominantly occurs through other stem cells, and the dorsal root ganglion cells, after their induction into NSCs, in turn differentiated into Schwann-like cells. Only a few research studies have supported the direct differentiation of NSCs into stem cells; therefore, further research is warranted. Moreover, future studies will be required to determine whether the differentiation of NSCs into Schwann-like cells generates a sufficient number of functional cells to support nerve regeneration.

Differentiation of NSCs into Neurons, Astrocytes and Oligodendrocytes {#sec1-4}
=====================================================================

NSCs differentiate into neurons, astrocytes, and oligodendrocytes upon receipt of appropriate signals (Guo and Dong, 2009). For example, transplanted NSCs differentiate into motor neurons and functionally innervate muscles following peripheral nerve injury (Thomas et al., 2000; MacDonald et al., 2003; Miles et al., 2004; Li et al., 2005). However, the relationship between regenerated axons and transplanted NSCs remains to be elucidated. Hu et al. (2005) demonstrated that NSCs transduced with neurogenin 2 differentiated into cells that were positive for the neuronal marker TUJ1 and were more efficient at differentiating into neurons when transplanted. NSCs can survive for at least four weeks after being transplanted into the mature inner ear. NSCs also migrate to other important functional structures, such as auditory nerve bundles, the organ of Corti, and spiral-shaped ganglia (Hu et al., 2005). Spinal cord-derived neural progenitor cells cultured *in vitro* and transplanted into the distal transected sciatic nerve can divide into motor neurons that express markers for choline acetyltransferase, insulin-1, regenerating gene-2, and voltage-sensitive calcium (Ca^2+^) channels (MacDonald et al., 2003). These authors also showed that the axons of these cells reached the muscle and contributed to formation of cholinergic terminals. Nitric oxide regulates the growth and guidance of axons, synaptic plasticity, the proliferation of the anterior mass of neurons, and the survival of neurons (Madhusoodanan and Murad, 2007). Tao et al. (2010) first demonstrated the manner in which nitric oxide/cyclic guanosine monophosphate signals promote the development of neural precursors from human embryonic stem cells and enhance precursors involved in peripheral nerve regeneration and the function of neurons. A previous study showed that in peripheral nerves NSCs differentiate into neurons and that transplanted fetal NSCs that differentiate into neurons play a role in peripheral nerve regeneration and functional recovery of the neuromuscular unit following muscle denervation, which may be useful for the treatment of peripheral nerve injuries (Gu et al., 2010a). Gao et al. (2005) reported the potential of human fetal NSCs to differentiate into motoneurons in newborns using an animal model of damage to the sciatic nerve axis. They reported for the first time that human NSC-derived motoneurons provided sciatic nerve axons to form neuromuscular connections with the muscles around the target. Furthermore, this novel cholinergic nerve dominance was associated with local improvements in motor function, because NSCs can differentiate into neurons, astrocytes, and oligodendrocytes (McKay, 1997), which play predominant roles in central nervous system repair (Fu et al., 2013; Grade et al., 2013; Liu et al., 2015). Using novel methods, significant progress has been made in terms of understanding the characteristics of endogenous stem cells and their development in the adult spinal cord. Endogenous stem cells can continuously differentiate into neurons (Weiss et al., 1996; Horner et al., 2000; Shihabuddin, 2008). Following the activation of endogenous stem cells by neurotrophic factors in an *in vivo* microenvironment, the stem cells are induced to become nerve-like cells and participate in the repair of nerve injuries. Faigle and Song (2013) reported that key signaling pathways that regulate the different stages of adult neurogenesis enable the proliferation and lineage differentiation of NSCs as well as the migration and integration of immature neurons in the adult brain. The proliferation of NSCs is associated with a very high level of endogenous reactive oxygen species and can regulate neurogenesis *via* the phosphoinositide 3-kinase/Akt pathway (Le Belle et al., 2011). Laterza et al. (2017) indicated that infiltrating monocytes, which are a specific component of the early inflammatory response following stroke in the subventricular zone and adjacent striatum, compromise the short-term neurogenic response of endogenous neural stem/progenitor cells. Thus, endogenous stem cells interact with the neurogenic process and are primarily evident in the central nervous system. However, few studies have investigated these processes in the peripheral nerve and, thus, this area has great research potential. However, in studies of peripheral nerve injury, these cells play relatively small roles, especially oligodendrocytes and astrocytes. Taken together, these findings suggest that these three NSC-differentiated cell types should be a focus of future studies investigating the regeneration of injured peripheral nerves.

NSCs Secrete Neurotrophic Factors {#sec1-5}
=================================

NSCs produce a number of neurotrophic factors (Llado et al., 2004; Xu et al., 2012) that can improve peripheral regeneration *in vivo* (Guenard et al., 1992; Mosahebi et al., 2001). In both *in vitro* and *in vivo* models, NSCs secrete brain-derived neurotrophic factor, basic fibroblast growth factor, nerve growth factor, hepatocyte growth factor, ciliary neurotrophic factor, glial cell-line-derived neurotrophic factor, insulin-like growth factor, neurotrophin 3, and neurotrophin 4, as well as a series of neurotrophic factor proteins (Mirsky et al., 2002; Llado et al., 2004; Kornblum, 2007; Dong and Yi, 2010; Xu et al., 2012; Flachsbarth et al., 2014). These proteins play unique roles in the peripheral nervous system because the expression of neurotrophic factors promotes regeneration, improves the level of axonal myelination, and enhances the recovery of sensory and motor functions ([**Table 2**](#T2){ref-type="table"}). In recent years, studies on neurotrophic factors secreted by NSCs have been limited; therefore, the mechanisms associated with the secretion of these factors warrant further exploration.
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Neuroprotective Ability of NSCs {#sec1-6}
===============================

NSCs operate through the actions of a series of secreted factors to improve the survival rates of motor and sensory neurons located in injured peripheral nerves. To date, few studies have investigated the mechanisms underlying this neuroprotection, but Llado et al. (2004) reported that NSCs produce neurotrophic factors. In particular, glial cell-line-derived neurotrophic factor effectively protects ventral horn neurons and promotes nerve growth; NSCs protect spinal motor neurons against glutamate-induced neurotoxicity, and NSCs ameliorate facial motor neuron apoptosis both *in vivo* and *in vitro* following facial nerve injury (Llado et al., 2004). Taken together, these findings explain, at least in part, the protective mechanisms of NSCs following peripheral nerve injury.

NSCs Promoted Myelination during Axonal Regeneration {#sec1-7}
====================================================

Myelination of axons is important for the repair of peripheral nerve damage. NSC-derived glial cell-line-derived neurotrophic factor enhances axonal area and axonal numbers following facial nerve injury (Shi et al., 2009). Gu et al. (2010b) transplanted F344 rat nerve segments and F344 rat NSCs into host green fluorescent protein transgenic F344 rats and found that NSCs attenuated denervation-induced muscle atrophy and promoted peripheral nerve regeneration. Furthermore, the regenerated host axons formed synapses with the transplanted and differentiated NSCs. However, further investigation will be required to determine the longevity and functionality of these synapses. Cui et al. (2008) successfully induced murine embryonic stem cells prepared from the wild-type D3 embryonic stem cell line using the 4--/4+ protocol (4 days of leukemia inhibitory factor withdrawal followed by 4 days in retinoic acid) into neural progenitor cells. These authors also explored the possibility that the transplantation of embryonic stem/neural progenitor cells into severely injured peripheral nerves would promote the myelination of regenerated axons. However, the embryonic stem/neural progenitor cells were not able to achieve the axonal numbers necessary for a normal myelin sheath (Cui et al., 2008). Lee et al. (2015) reported that the transplantation of NSCs into mice expressing vascular endothelial growth factor (SV-VEGF-NSCs) resulted in optimal fiber conduction and the regeneration of myelin in a sciatic nerve injury model. Guo and Dong (2009) repaired 10 mm rabbit facial nerve defects with NSCs. The transplanted NSC group showed large numbers of regenerative axons with partial myelination, nerve fibers with uniform diameter, and smooth myelin sheathes. Franchi et al. (2012) found that NSCs promoted the regeneration of small myelinated axon fibers and some thinly myelinated fibers during chronic constriction of sciatic nerve.

NSCs Promoted the Formation of Blood Vessels {#sec1-8}
============================================

Angiogenesis is an important component of peripheral nerve regeneration. Zochodne and Nguyen (1997) found that new microvasculature was prominent in adventitial connective tissue as well as between the anterior fascicular tract and the cell layer at the site of neuroma formation following peripheral nerve injury in Sprague-Dawley rats. These authors proposed that the microvessels likely shared nutrition signals with other proliferative cell elements in the injured peripheral nerve trunk. A previous study showed that SV-VEGF-NSCs secrete high levels of VEGF, and the use of a combined strategy of stem cells and therapeutic genes resulted in a synergistic effect (Oh et al., 2012). Lee et al. (2015) found that transplanted NSCs express higher levels of VEGF and there was a significant increase in the number of blood vessels in the SV-VEGF-NSC group. These findings suggest that VEGF was secreted from SV-VEGF-NSCs transplanted into injured sciatic nerves and subsequently improved angiogenesis (Lee et al., 2015). In addition to their environmental support functions, NSCs may differentiate into epithelial cells. Estradiol management and the transplantation of NSCs increased endovascular blood infusion and significantly increased the recruitment of NSCs to new blood vessels following peripheral nerve injury (Sekiguchi et al., 2013). Taken together, these findings indicate that NSCs secrete VEGF and differentiate into vascular epithelial cells to promote angiogenesis in injured peripheral nerves.

Immunoregulation by NSCs {#sec1-9}
========================

Recent advances in the field of tissue engineering have allowed for the testing of the immunomodulatory properties of NSCs in several nervous system diseases (Bacigaluppi et al., 2009). Reports on the immunomodulatory effects of NSCs on regeneration following peripheral nerve injury are relatively rare, but this may become a popular field of research in the future. Human neural progenitor cells and a variety of adhesion molecules, such as α2, α6, and β1 integrin, CD44, and numerous chemokine receptors, are associated with neuroinflammation (Hall et al., 2006; Rampon et al., 2008). Furthermore, *in vitro* analyses have shown that porcine, rat, and mouse neural stem/progenitor cells inhibit the proliferation of activated T cells (Bonnamain et al., 2011).

Conclusions and Expectations {#sec1-10}
============================

This article describes the characteristics of NSCs, their differentiation into Schwann like-cells and neurons, their expression of neurotrophic factors involved in neuronal protection and angiogenesis, and their roles in the repair and regeneration of damaged peripheral nerves, including myelination and immunoregulation. NSCs may play a role in the repair of peripheral nerve injury. The regeneration of injured peripheral nerves involves a multiplex process in which Schwann cells play an important role; however, it remains unclear whether NSCs directly differentiate into Schwann-like cells and whether this differentiation generates a sufficient number of functional repair cells. Additionally, neurons, astrocytes, and oligodendrocytes develop following NSC differentiation and should represent a primary focus of research in studies of the regeneration of injured peripheral nerves. These questions must be addressed in future research. With current techniques, it is challenging to transplant NSCs into humans. Observations of neural-immune interactions following NSC transplantation and a number of clinical trials aimed at developing applications for NSCs to repair central nervous system damage have illustrated the challenges associated with applying the findings of animal models of disease to the use of NSC derivatives in humans (Giusto et al., 2014; Trounson et al., 2015). For example, three of four patients with the early onset of severe Pelizaeus-Merzbacher disease who received transplantation of neural progenitor cells exhibited slight improvements in neurological function (Gupta et al., 2012). However, further progress remains limited, because it is difficult to recruit young patients with an advanced disease phenotype prior to disease presentation. A few experimental studies have investigated regeneration following peripheral nerve injury, but one researcher has suggested that there is a lack of scientific data to sufficiently support any clinical benefits (Dimmeler et al., 2014). The present article offers a focus for future research regarding the roles of NSCs in peripheral nerve repair/regeneration. Although a better understanding of the biological characteristics of NSCs has been achieved, the mechanisms by which NSCs elicit the repair of peripheral nerves require further investigation. There are many studies concerning use of NSCs in injury of the central nervous system, but NSCs may also have great potential for the repair of peripheral nerve injury. If NSCs can be applied to clinical practice, they will be of great benefit to human beings.
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